Introduction {#S1}
============

The family *Enterobacteriaceae* is a large and taxonomically diverse group of Gram-negative rod-shaped bacteria within the class *Gammaproteobacteria* and order *Enterobacteriales* that includes many common human pathogens ([@B24]). Numerous genera within the *Enterobacteriaceae* family are recognized to be polyphyletic, based on the 16S rRNA gene ([@B8]; [@B28]; [@B3]), hence multilocus sequence analyses (MLSA) based on several house-keeping gene sequences have been proposed for reliable classification of isolates and strains within this family ([@B7]). The advent of next-generation sequencing and whole genome sequencing (WGS) analysis has significantly impacted the taxonomic classification of *Enterobacteriaceae* members. Recently, using whole genome-based phylogeny and taxonomy, some members of this family have been reclassified into separate and novel families (e.g., *Budviciaceae*, *Erwiniaceae*, *Hafniaceae*, *Morganellaceae*, *Pectobacteriaceae*, *Yersiniaceae*), belonging to the order *Enterobacterales* ([@B1]). Nevertheless, many species within *Enterobacteriaceae* are important human pathogens usually carrying transferable antibiotic resistance markers ([@B9]). Indeed, the World Health Organization has included carbapenem-resistant and extended-spectrum beta-lactamase-producing *Enterobacteriaceae* within the Priority 1 (critical) group, in the list of priority pathogens for research and development of new antibiotics ([@B61]). Thus, taxonomic description of novel members of the family is important in order to understand associated health risks and to prevent spread of infections.

The aim of the current study was to characterize a Gram-negative bacterial strain (CCUG 66741) isolated from a wound infection of an adult patient in Sweden. We here present a novel genus in the family *Enterobacteriaceae*: *Scandinavium goeteborgense* gen. nov., sp. nov., with reference to taxonomy, genome analysis and identification of a novel variant of quinolone resistance gene (*qnrB96*).

Results {#S2}
=======

Strain Isolation and Characterization {#S2.SS1}
-------------------------------------

Strain CCUG 66741^T^ was isolated from a wound infection of an adult patient, which was sampled in Kungälv, Sweden. The colonies on Columbia Blood Agar, after 24 h of incubation at 30°C, were 2--3 mm in size, circular, moist, and smooth. Cells were Gram-negative, rod-shaped, around 2 μm in length and around 1 μm in width. The strain was typed using MALDI-TOF MS at the Department of Clinical Microbiology of the Sahlgrenska University Hospital (Gothenburg, Sweden), using the IVD-Database Knowledge Base v2 (bioMérieux, Marcy-l'Étoile, France). The typing analysis could not assign strain CCUG 66741^T^ to any species, with *Escherichia vulneris* being identified as the most similar species, although with a confidence value of 74.4%, which is below the 90% threshold for species identification recommended by the manufacturer. API^®^ ID 32E metabolic profiling with StrainMatcher, indicated that the most closely-related species (i.e., those with lowest StrainMatcher scores) were *Buttiauxella warmboldiae*, *Buttiauxella noackiae*, *Buttiauxella izardii*, and *Enterobacter cancerogenus* ([Table 1](#T1){ref-type="table"}). These results did not allow reliable assignation of the strain CCUG 66741^T^ to any species.

###### 

Results of the API^®^ ID 32E analysis (bioMérieux).

  **Strain**                                  **StrainMatcher score**
  ------------------------------------------- -------------------------
  *Buttiauxella warmboldiae* CCUG 35512^T^    20
  *Buttiauxella noackiae* CCUG 35511^T^       22
  *Buttiauxella izardii* CCUG 35510^T^        28
  *Enterobacter cancerogenus* CCUG 25231^T^   38

Partial sequencing of 16S rRNA gene and *dnaJ* was performed, which yielded sequences of 621 and 711 bp, respectively. Comparative sequence analysis of the 16S rRNA partial gene sequence with EMBL-EBI Nucleotide Database and the FASTA search tool ([@B34]), showed a highest similarity value of 98.7% with *Buttiauxella ferragutiae* DSM 9390^T^, *Buttiauxella agrestis* DSM 4586^T^, *Buttiauxella izardii* DSM 9397^T^, and *Buttiauxella noackiae* DSM 9401^T^ (GenBank accession numbers: [AJ233402](AJ233402), [AJ233400](AJ233400), [AJ233404](AJ233404), and [AJ233405](AJ233405), respectively). The analysis of the *dnaJ* partial sequence showed the highest similarity value of 86.3% with *Leclercia adecarboxylata* GTC 1267^T^ (GenBank accession number: [AB272662](AB272662)). Analyses performed by [@B43] showed that intraspecific variation of *dnaJ* within the family *Enterobacteriaceae* ranges from 0 to 8.3%. Therefore, 14% sequence divergence compared with *L. adecarboxylata* GTC 1267^T^ was considered not enough to assign strain CCUG 66741^T^ to this species. The similarity values of the 16S rRNA and *dnaJ* partial gene sequences, thus, suggested that strain CCUG 66741^T^ could represent a novel taxon within the family *Enterobacteriaceae*.

The antibiotic sensitivity pattern revealed that the strain is sensitive to several antibiotics including cefotaxime, co-trimaxozole, meropenem, tetracycline, tobramycin, and ciprofloxacin but resistant to ampicillin. Additional metabolic and other phenotypic characteristics of strain CCUG 66741^T^ were determined, including a variety of biochemical tests presented in [Supplementary Table S1](#TS1){ref-type="supplementary-material"}. The strain CCUG 66741^T^ utilizes several sugars including glucose, galactose, xylose, mannose and inulin while it does not utilize lactose, raffinose, sorbose, starch, glycerol, and glycogen. The strain CCUG 66741^T^ is MR positive, produces acetoin and does not utilize citrate ([Supplementary Table S1](#TS1){ref-type="supplementary-material"}).

Cell fatty acid-fatty acid methyl ester (CFA-FAME) analysis of strain CCUG 66741^T^ determined the major CFAs to be the unsaturated fatty acid, C~16:1~ω7*c* (35.0%), saturated fatty acid, C~16:0~ (19.0%), and C~14:0~ 3OH/16:1 ISO I (18.9%), while other CFAs observed included C~12:0~ (5.6%), C~14:0~ (7.7%), C~15:0~ (2.3%), C17:0 CYCLO (4.6%), and C~18:1~ω7*c*/12t/9t (7.0%).

Whole Genome Sequencing and Genome Related Indices {#S2.SS2}
--------------------------------------------------

The genomes of strain CCUG 66741^T^ and two other type strains of the family *Enterobacteriaceae* that did not have publicly available genome sequences in DDBJ/ENA/GenBank (*Buttiauxella izardii* CCUG 35510^T^ and *Lelliottia nimipressuralis* CCUG 25894^T^) were sequenced in this study. Genome assembly statistics are presented in [Supplementary Table S2](#TS2){ref-type="supplementary-material"}. The genome sequence of strain CCUG 66741^T^ comprises 192 contigs with a total length of 4,539,908 bp, G + C content of 54.3% and 4,384 coding sequences.

A complete 16S rRNA gene sequence (1,552 bp) was recovered from the genome sequence of strain CCUG 66741^T^. The sequence analysis revealed ≥ 98.7% similarity, as determined by EzBiocloud ([@B63]), to the type strains of four species of different genera within the family *Enterobacteriaceae* and the type strain of *Pantoea rodasii*, a member of family *Erwiniaceae* ([Supplementary Table S3](#TS3){ref-type="supplementary-material"}). *In silico* DNA-DNA similarity values determined between the genome sequence of strain CCUG 66741^T^ and the genome sequences of the type strains of the five species with 16S rRNA gene sequence similarity values ≥ 98.7% were lower than 25%, far below the 70% species delineation threshold ([@B20]). Additionally, the average nucleotide identities based on BLAST (ANIb) values between the genome sequences of the five type strains and the genome sequence of strain CCUG 66741^T^ were lower than 80%, well below the threshold accepted (95%) for defining species ([@B48]; [Supplementary Table S3](#TS3){ref-type="supplementary-material"}).

Additional Related Strain Genome Sequences {#S2.SS3}
------------------------------------------

BLAST analyses, using house-keeping gene sequences of strain CCUG 66741^T^, revealed two closely-related strains: BIGb0156 (GenBank accession number: [SNVX00000000](SNVX00000000)) and YR018 (GenBank accession number: [QKME00000000](QKME00000000)). The 16S rRNA gene sequences similarity values between strain CCUG 66741^T^ and strains BIGb0156 and YR018 were 99.9%, while ANIb values were 97.70% and 96.04%, respectively, thus confirming that all three genome sequences belong to the same species.

Strain BIGb0156 was isolated from rotting apple in Orsay, France, in 2009 ([@B51]); the genome sequence has a total length of 4,755,497 bp, G + C content of 54.4% and 4,513 coding sequences. Strain YR018 was isolated from *Populus* rhizosphere in Tennessee, United States; the genome sequence has a total length of 4,498,002 bp, G + C content of 54.8% and 4,181 coding sequences.

Multilocus Sequence Analysis (MLSA) {#S2.SS4}
-----------------------------------

The family *Enterobacteriaceae* currently comprises 32 genera with validly published names. The genome sequence of the type strain of the type species of 30 of these genera were obtained from GenBank^[1](#footnote1){ref-type="fn"}^. Complete or nearly-complete (\>1,400 bp) 16S rRNA gene sequences were recovered for 31 of the 32 type strains of type species; no sequences were available in GenBank for the type strain of *Saccharobacter fermentatus*. Furthermore, the type strain is not available at any public strain collection ([@B62]). Hence *S. fermentatus* was not included in our analysis. The GenBank accession numbers of the obtained genome sequences and 16S rRNA gene sequences are presented in [Supplementary Table S4](#TS4){ref-type="supplementary-material"}. According to 16S rRNA gene sequence-based phylogeny, *Buttiauxella* and *Lelliottia* were the most closely-related genera to strain CCUG 66741^T^ ([Figure 1](#F1){ref-type="fig"}).

![Phylogenetic tree based on the 16S rRNA gene sequences of the type strains of the type species of the genera with validly published names within the family *Enterobacteriaceae* and strains of *S. goeteborgense*. The distances were calculated with the Jukes-Cantor method and the tree was constructed using the neighbor-joining method. The numbers at the nodes indicate the bootstrap values (in percentage) from 1,000 replicates. Only bootstrap percentages ≥ 50% are shown.](fmicb-10-02511-g001){#F1}

In parallel, complete sequences of other house-keeping genes (*atpD*, *dnaJ*, *infB*, *gyrB*, *rpoB*) were extracted from the genome sequences of the type strains of 30 type species and from strain CCUG 66741^T^. These house-keeping genes showed sequence similarity values ranging from 73.8 to 93.7%, suggesting that the strain represents a novel genus within *Enterobacteriaceae* ([Supplementary Table S5](#TS5){ref-type="supplementary-material"}). The MLSA-based phylogenetic tree showed that strain CCUG 66741^T^ forms a separate distinct clade compared to other genera, while strains BIGb0156 and YR018 fall in the same clade as the strain CCUG 66741^T^ ([Supplementary Figure S1](#FS1){ref-type="supplementary-material"}), thus, suggesting that strain CCUG 66741^T^ may represent a novel genus within the family *Enterobacteriaceae.*

Whole-Genome Sequence ANIb Dendrogram {#S2.SS5}
-------------------------------------

The ANIb values between all ("all-vs.-all") 31 genome sequences (strain CCUG 66741^T^ and the type strains of the 30 type species) were calculated and used to construct a dendrogram. The ANIb values ranged from 67.9% (between *Pluralibacter gergoviae* NBRC 105706^T^ and *Rosenbergiella nectarea* 8N4^T^) to 96.4% (between *Escherichia coli* DSM 30083^T^ and *Shigella dysenteriae* ATCC 13313^T^). The ANIb values between the genome sequence of strain CCUG 66741^T^ and all other type strains ranged from 68.4% (*R. nectarea* 8N4^T^) to 79.2% (*P. gergoviae* NBRC 105706^T^), suggesting that *P. gergoviae* is the most closely related genus to strain CCUG 66741^T^. The dendrogram constructed using the matrix of ANIb values, confirmed the same observation ([Figure 2](#F2){ref-type="fig"}).

![Dendrogram based on the ANIb values calculated between all available genome sequences ("all-vs.-all") of type strains of the type species of the genera within the family *Enterobacteriaceae* and the genome sequences of strains of *S. goeteborgense*.](fmicb-10-02511-g002){#F2}

Core Genome-Based Phylogenomic Analysis {#S2.SS6}
---------------------------------------

A core genome-based phylogenomic analysis was carried out with the 30 available genome sequences of type strains of type species of genera with validly published names of the family *Enterobacteriaceae*, in order to determine the relative taxonomic identity of strain CCUG 66741^T^. The core genome was calculated with a clustering criterion of 70% identity over 70% of the sequence length. A total of 131,456 amino acids encoded by 391 single-copy shared genes were used to construct a core genome-based phylogenetic tree. Strain CCUG 66741^T^, together with strains BIGb0156 and YR018, formed a distinct and separate clade from the other genera, thus indicating that they represent a novel genus within the family. *Pluralibacter* was the most closely related genus to strain CCUG 66741^T^ ([Figure 3](#F3){ref-type="fig"}).

![Phylogenomic tree based on the core genome analysis of all available genome sequences of the type strains of type species of genera with validly published names of the family *Enterobacteriaceae* and genome sequences of strains of *S. goeteborgense*. The numbers at the nodes indicate the SH-aLRT support values.](fmicb-10-02511-g003){#F3}

Virulence Genes and Characterization of a Novel *qnrB* Variant {#S2.SS7}
--------------------------------------------------------------

The genome of strain CCUG 66741^T^ carries several genes encoding putative virulence factors, including a type VI secretion system and associated effector proteins, hemolysins, virulence factor *VirK*, cytotoxin, enterotoxin and a protein similar to the Shiga toxin subunit A, thus indicating pathogenicity potential. The strain was predicted to be a human pathogen (probability 0.83) by PathogenFinder ([@B15]).

Interestingly, a novel variant of *qnrB* gene (proposed *qnrB96*) was detected in the genome. The phylogenetic tree constructed, using all known *qnrB* variants shows *qnrB96* to be a new allele ([Supplementary Figure S2](#FS2){ref-type="supplementary-material"}). The QnrB96 protein was phylogenetically close to QnrB37 (92% sequence similarity), with 18 aa substitutions ([Figure 4](#F4){ref-type="fig"}). The gene is located on a contig of 102 kb (locus tag: A8O29_06680) flanked by DNA gyrase B and a hypothetical protein without the presence of any transposable element in the contig, suggesting chromosomal localization of the gene. Consistent with other *qnrB* alleles, a LexA-binding sequence of sequence of CTGTATAAAAAAACAG was present 11 nucleotides upstream of the start codon of *qnrB96* ([@B47]). The *qnrB96* gene and *qnrB1* conferred reduced sensitivity against ciprofloxacin (five and eight-fold increase in minimum inhibitory concentration, respectively) when expressed in *Escherichia coli*, thus confirming functionality.

![Sequence alignment of the novel Qnr variant (QnrB96) with QnrB1 and QnrB37, respectively. Black color indicates consensus. Multiple sequence alignment obtained using BoxShade (<https://embnet.vital-it.ch/software/BOX_form.html>).](fmicb-10-02511-g004){#F4}

Discussion {#S3}
==========

Using a polyphasic approach by combining phenotypic and phylogenomic analyses, we describe *Scandinavium goeteborgense*, a novel species of a novel genus within the family *Enterobacteriaceae*. In recent years, WGS has been proposed as a high-resolution tool for taxonomic studies of prokaryotes ([@B13]; [@B46]; [@B35]; [@B12]). Our study demonstrates discrepancies with single-gene-based estimates of phylogenetic relationships, such as 16S rRNA gene sequence-based analyses, and the importance of WGS for determining taxonomic relationships and pathogen characterization in the clinics. We also describe a novel functional variant of *qnrB* (*qnrB96*). When expressed in *E. coli*, it conferred five-fold increase in minimum inhibitory concentration against ciprofloxacin. The *qnr* genes encode pentapeptide repeat proteins that protect DNA gyrase and topoisomerase IV from the action of quinolones, but usually do not confer complete clinical resistance ([@B58]). The *qnr* genes were grouped into six families (*qnrA*, *qnrB*, *qnrC*, *qnrD*, *qnrS*, *qnrVC*) and recently *qnrE* has been proposed as a new *qnr* family ([@B58]; [@B2]). Among these, *qnrB* is the most diverse, with the largest number of variants, and mainly detected in *Enterobacteriaceae* strains ([@B47]). Phylogenetic clustering of *qnrB* alleles forms several distinct lineages, suggesting multiple origins of *qnrB* alleles ([Supplementary Figure S2](#FS2){ref-type="supplementary-material"}). Studies have proposed *Citrobacter* spp. as the origin of *qnrB* genes, mainly based on the chromosomal location and the apparent absence of mobile genetic elements in the immediate genetic environment of *qnrB* genes ([@B26]; [@B47]). Phylogeny of QnrB suggests that the *qnrB96* gene may be derived from *Citrobacter* or evolved independently from a common progenitor.

The taxonomy of family *Enterobacteriaceae* has not been straight-forward. Several genera and species belonging to this family have been reclassified through the years ([@B57]; [@B24]; [@B32]). Recently, extensive revisions of the species belonging to the genus *Enterobacter* have been made, resulting in proposals of new genera within the family ([@B7]). Widely used gene markers, such as 16S rRNA genes, are often ineffective for genus-level phylogenetic analyses within *Enterobacteriaceae* ([@B29]; [@B64]; [@B8]; [@B40]). The 16S rRNA gene sequence of strain CCUG 66741^T^ showed high (98.8%) similarity to species of different genera within the family, as well as to the genus *Pantoea* (member of the family *Erwiniaceae*), not allowing the assignment of strain CCUG 66741^T^ to any known species within a genus of *Enterobacteriaceae.* To overcome the low resolution power of the 16S rRNA gene sequences, MLSA, using four different house-keeping gene sequences (*atpD, gyrB, infB*, and *rpoB)* has been applied, leading to descriptions of novel genera within the family ([@B7]). Additionally, the house-keeping gene *dnaJ* has also been proposed for performing phylogenetic studies within the family *Enterobacteriaceae*. The strain CCUG 66741^T^ showed highest sequence similarities to different species for the different house-keeping genes analyzed. The similarity values ranged from 80.7 to 93.7% for *atpD*, 74.2 to 86.3% for *dnaJ*, 73.1 to 87.6% for *infB*, 74.8 to 87.2% for *gyrB*, and 82.3 to 91.1% for *rpoB* ([Supplementary Table S5](#TS5){ref-type="supplementary-material"}). Low sequence identities of these house-keeping genes to the respective genes of the type species of genera with validly published names suggest that the strain CCUG 66741^T^ belongs to a novel taxon within the family.

WGS has been proposed as a tool for pathogen detection and characterization in the clinics ([@B45]). The usefulness of WGS and phylogenomic methods in taxonomic resolution of the family *Enterobacteriaceae* has been previously demonstrated ([@B1]; [@B3]). Recently, a novel genus was proposed based on phenotypic and phylogenomic analysis (not validated yet) ([@B44]). We determined the genome sequence of strain CCUG 66741^T^ in order to resolve the taxonomic identity of the strain. According to recommendations by [@B12], five species which showed more than 98.7% identity to 16S rRNA gene sequence of the strain CCUG 66741^T^ were selected for calculation of overall genome related indices like *in silico* DNA-DNA similarity and ANIb ([@B12]). However, the genome sequence of one of them (i.e., the type strain of *Buttiauxella izardii*) was not available in any public database. To be able to perform genomic comparisons, we carried out whole genome sequencing of *B. izardii* CCUG 35510^T^ (GenBank accession number: [QZWH00000000](QZWH00000000)). This genome sequence, increased the genomic coverage of the type strains of the family *Enterobacteriaceae* in public databases, which are the basis of numerous sequence-based taxonomic studies. Overall genome related indices between strain CCUG 66741^T^ and the five closely related species based on 16S rRNA gene sequence were substantially lower than the species delineation thresholds (*in silico* DNA-DNA hybridization values were \< 25%, species delineation threshold ≥ 70%; ANIb values were \< 80%; species assignment threshold ≥ 95%), confirming that strain CCUG 66741^T^ represents a novel species and, possibly, a novel genus ([@B20]; [@B12]).

We compared the genome sequence of the strain CCUG 66741^T^ with the genome sequences of the type strains of type species of genera with validly published names that currently form the family *Enterobacteriaceae*. According to the "List of Prokaryotic Names with Standing in the Nomenclature"^[2](#footnote2){ref-type="fn"}^ and the "Prokaryotic Nomenclature Up-to-date" of the *Deutsche Sammlung von Mikroorganismen und Zellkulturen*^[3](#footnote3){ref-type="fn"}^, the family *Enterobacteriaceae* encompasses, at least, 67 recognized genera (October 2018). However, 33 of them were recently reclassified into novel families (e.g., *Yersinia* in the family *Yersiniaceae*) and two were reclassified into existing genera (e.g., *Calymmatobacterium granulomatis*, type species and only species of the genus *Calymmatobacterium*, was reclassified as *Klebsiella granulomatis*) ([@B1]). Thus, only 32 genera of the family *Enterobacteriaceae* were considered in this study. Of these 32 genera, 29 had genome sequences for the type strains of the type species publicly available, one was sequenced in this study, whereas two lacked genome sequences. Consistent with the observations of MLSA-based phylogeny and ANIb dendogram, core genome phylogeny showed that the strain CCUG 66741^T^ formed a distinct clade, separate from all other genera with validly published names. The WGS-based approaches are robust, reliable and have a much higher resolving power compared to conventional, single-gene genotypic methods. Additionally, they bypass the risk of reaching erroneous conclusions due to horizontally transferred genes ([@B45]; [@B53]). The ANIb, as well as overall genome related indexes, can be used to determine if two strains belong to the same species, but they do not provide enough resolution for working with taxa at a higher rank than species ([@B12]). Thus, core genome based phylogeny is recommended for defining taxa above the species level ([@B12]). MLSA-based phylogeny and ANIb dendrogram, as well as the core genome-based phylogenomic clustering, show that strain CCUG 66741^T^, together with strains BIGb0156 and YR018, forms a distinct clade. Thus, we conclude that strain CCUG 66741^T^ belongs to a novel genus within the family *Enterobacteriaceae*.

One limitation of our study is that we have analyzed only one strain. We tried to counteract this limitation by finding two additional strains belonging to the proposed novel taxon, by screening publicly available genome sequences. Even though this is not optimal from a taxonomic perspective, novel genera in family *Enterobacteriaceae* including *Chania* and *Nissabacter* (proposed reclassification to family *Yersiniaceae)* have previously been established from single strain investigations ([@B17]; [@B38]). In any case, our results confirm that strain CCUG 66741^T^ represents a novel taxonomic position within the family *Enterobacteriaceae*, representing a novel genus and species, for which the name *Scandinavium goeteborgense* gen. nov., sp. nov. is proposed, thus extending the diversity of clinically-relevant species belonging to this family.

Description of *Scandinavium* gen. nov. {#S3.SS1}
---------------------------------------

*Scandinavium* (Scan.di.na'vi.um. N.L. neut. n. *Scandinavium* genus named after Scandinavia: the European peninsula where the type strain of the type species was isolated and characterized).

Cells are Gram-negative, rod shaped, approximately 2 μm in length and 1 μm in width, motile and facultative anaerobic. The colonies on Columbia Blood Agar are 2--3 mm in size, circular, moist and smooth. Optimum temperature for growth is between 30--37°C, with no growth observed at 4°C and 42°C. Negative for gelatinase, urease and oxidase. Does not utilize citrate. Ferments glucose (acid and no gas), but not lactose. Utilizes galactose, xylose, maltose, mannitol and arabinose while does not utilize sucrose, melibiose, raffinose and starch. The major fatty acids are C~16:1~ω7*c*, C~16:0~, and C~14:0~ 3OH/C~16:1ISO~, while C~14:0~, C~18:1~ω7*c*/12t/9t, and C~12:0~ are present in lower amount.

Members belong to class *Gammaproteobacteria*, order *Enterobacterales* and family *Enterobacteriaceae*. The type species of the genus is *Scandinavium goeteborgense*.

Description of *Scandinavium goeteborgense* sp. nov. {#S3.SS2}
----------------------------------------------------

*Scandinavium goeteborgense* (goe.te.borg.en'se. N.L. neut. adj. *goeteborgense* pertaining to Göteborg, the city on the Swedish west coast, where it was identified as a novel species).

All the features of genera apply for the species. The 16S rRNA gene sequence showed highest identity to *Enterobacter ludwigii* EN-119^T^, *Enterobacter roggenkampii* EN-117^T^, *Leclercia adecarboxylata* NBRC 102595^T^, and *Pantoea rodasii* LMG 26273^T^ (98.8%). G + C percentage of strain CCUG 66741^T^ is 54.3%. The type strain is CCUG 66741^T^ (= CECT 9823^T^ = NCTC 14286^T^).

Conclusion {#S4}
==========

The present study describes a novel genus and species belonging to the family *Enterobacteriaceae, Scandinavium goeteborgense* gen. nov., sp. nov., isolated from a human wound infection, illustrating the usefulness and high-resolution of core genome-based analyses for the description of bacterial taxa above the species level. Characterization of a novel functional quinolone resistance gene variant (*qnrB96*) encoded in the genome of *S. goeteborgense* CCUG 66741^T^ increases the current understanding of pathogenic genera belonging to the family *Enterobacteriaceae* and associated resistance determinants. It also highlights the importance of using WGS as a tool for characterization of pathogens and detection of novel antibiotic resistance determinants especially in clinics.

Materials And Methods {#S5}
=====================

Strain Isolation {#S5.SS1}
----------------

Strain CCUG 66741^T^ (= CECT 9823^T^ = NCTC 14286^T^) was isolated from a wound infection of an adult patient. The wound was sampled in Kungälv, Sweden, in December 2014, and the isolate was obtained at the Department of Clinical Microbiology of the Sahlgrenska University Hospital, in Gothenburg, Sweden, after cultivation on Columbia Blood Agar Base plus 5% defibrinated horse blood (prepared by the Substrate Unit, Department of Clinical Microbiology, Sahlgrenska University Hospital) grown at 37°C, aerobically.

MALDI-TOF MS {#S5.SS2}
------------

The bacterial strain was typed using Matrix-Assisted Laser Desorption/Ionization-Time Of Flight Mass Spectrometry (MALDI-TOF MS). For MALDI-TOF MS analysis, strain CCUG 66741^T^ was cultivated overnight on Columbia Blood Agar at 30°C, aerobically. Fresh biomass was spotted in two replicates on a target plate (bioMérieux) and covered with 1 μl VITEK MS-CHCA matrix (α-Cyano-4-hydroxycinnamic acid, bioMérieux). The sample was analyzed, using a VITEK MS instrument (bioMérieux), following the manufacturer's recommendations. The IVD-Database Knowledge Base v2 was used (bioMérieux). Positive identification was considered if the confidence value was \> 90%, according to manufacturer's instructions.

Growth Assays and Biochemical Tests {#S5.SS3}
-----------------------------------

Further characterization of strain CCUG 66741^T^ was performed at the typing laboratory of the Culture Collection University of Gothenburg (CCUG). Colony morphology was observed after growth on Columbia Blood Agar at 30°C, aerobically, for 24 h. Cell morphology and size was determined by Gram-staining of fresh cells and observation with a transmission microscopy with a color camera using a 50X dry objective (EC Epiplan N.A. 0.75, ZEISS, Oberkochen, Germany), at the Centre for Cellular Imaging (University of Gothenburg). The microscope used was a wide-field, upright optical microscope (Axio Imager.Z2, ZEISS).

Standard biochemical tests (API^®^ ID 32E and API^®^ 20E, bioMérieux) were performed following the manufacturer's instructions. The results of API^®^ ID 32E were analyzed with the software StrainMatcher^[4](#footnote4){ref-type="fn"}^ against the CCUG internal database. Additional biochemical tests were performed in conventional tube media (prepared by the Substrate Unit, Department of Clinical Microbiology, Sahlgrenska University Hospital), as described earlier ([@B6]; [@B39]).

Cell Fatty Acid-Fatty Acid Methyl Ester Analysis {#S5.SS4}
------------------------------------------------

The strain CCUG 66741^T^ was cultivated on Columbia Blood Agar at 30°C, aerobically, for 30--48 h. The CFA-FAME profile was determined, using an HP 5890 gas chromatograph (Hewlett-Packard, Palo Alto, CA, United States) using a standardized protocol similar to that of the MIDI Sherlock MIS system ([@B52]), described previously ([@B65]).

Antibiotic Susceptibility Testing {#S5.SS5}
---------------------------------

Antibiotic sensitivity against ampicillin, cefotaxime, co-trimoxazole, meropenem, tetracycline, tobramycin, and ciprofloxacin, respectively, was tested using disk diffusion method (EUCAST method) using disks from bioMérieux.

Partial Gene Sequence Determination: PCR and Sanger Sequencing {#S5.SS6}
--------------------------------------------------------------

The total genomic DNA was extracted using a previously described "heat-shock" protocol ([@B60]) followed by PCR-amplification and determination of 16S rRNA and *dnaJ* partial gene sequences. For 16S rDNA amplification, primers 16F28 and 16R1494 were used ([@B25]). Sequencing was performed using the primer 16R806 ([@B19]). For *dnaJ* amplification and sequencing, primers DN1-1F and DN1-2R were used ([@B43]). PCR-products were purified using a PCR/DNA Clean-Up Purification Kit (EURx Ltd., Gdańsk, Poland) and sequenced using a 3730*xl* DNA analyzer system (Applied Biosystems, Foster City, CA, United States). Partial sequences were analyzed with FASTA ([@B42]) against the EMBL-EBI Database release Version 36.3.6 ([@B23]).

Whole Genome Sequencing and Genome Assembly {#S5.SS7}
-------------------------------------------

The strains were cultivated on Columbia Blood Agar Base plus 5% defibrinated horse blood, at 30 or 37°C, for 24 h. Genomic DNA was extracted from fresh biomass, using a MagNA Pure Compact Nucleic Acid Isolation Kit I (Roche Diagnostics, Mannheim, Germany) on a MagNA Pure Compact instrument (Roche Diagnostics) following the manufacturer's instructions. The whole genome sequencing was carried out using Ion Torrent PGM platform (Thermo Fisher Scientific, Waltham, MA, United States), Ion PGM^TM^ Hi-Q^TM^ View Chef 400 Kit and an Ion PGM^TM^ Hi-Q^TM^ View Sequencing Kit (Thermo Fisher Scientific). The raw sequences were trimmed and assembled *de novo* using CLC Genomics Workbench versions 8 and 11 (CLC bio, Aarhus, Denmark). Assembly quality was assessed using QUAST version 3.1 ([@B22]). The genome sequences were deposited in DDBJ/ENA/GenBank and annotated using the NCBI Prokaryotic Genome Annotation Pipeline (PGAP) ([@B59]).

Search of Additional Genome Sequences {#S5.SS8}
-------------------------------------

Additional genome sequences of *S. goeteborgense* were searched in GenBank by analyzing house-keeping gene sequences of *S. goeteborgense* CCUG 66741^T^ (16S rRNA, *atpD*, *dnaJ*, *infB*, *gyrB, rpoB*), using BLAST ([@B4]), against the "Nucleotide collection (nr/nt)" database. To confirm the species identity, genome sequences of resulting closely-related strains were analyzed by ANIb ([@B20]), using JSpeciesWS ([@B49]).

Full Length 16S rRNA Gene Sequence Similarity {#S5.SS9}
---------------------------------------------

A complete 16S rRNA gene sequence was extracted from the genome sequence of strain CCUG 66741^T^, using Unipro UGENE version 1.17.0 ([@B41]). Subsequently, the sequence was analyzed with the "Identify" service of EzBiocloud ([@B63]). Type strains showing 16S rRNA gene sequence similarity ≥ 98.7%, the currently accepted species similarity threshold of 16S rRNA gene sequences ([@B56]), were selected for calculation of overall genome related indices (i.e., *in silico* DNA-DNA hybridization and ANIb analysis), as recommended by [@B12].

*In silico* DNA-DNA Hybridization {#S5.SS10}
---------------------------------

Digital DNA-DNA hybridizations were performed using the webserver Genome-to-Genome Distance Calculator (GGDC) version 2.1 ([@B37]), with BLAST + as local alignment tool, as recommended. The results of the recommended formula 2 ("*sum of all identities found in HSPs divided by overall HSP length*") were considered. This formula is independent of the size of the genome sequences, which makes it robust even if incomplete draft genome sequences are used. Genome-to-Genome Distance was calculated between the genome sequences of strain CCUG 66741^T^ and the genome sequences of the type strains that showed 16S rRNA gene sequence similarity ≥ 98.7% ([Supplementary Table S3](#TS3){ref-type="supplementary-material"}).

Average Nucleotide Identity (ANI) {#S5.SS11}
---------------------------------

The ANIb values ([@B20]) between the genome sequence of strain CCUG 66741^T^ and the genome sequences of the type strains were calculated using JSpeciesWS ([@B49]). With this approach (ANIb), the "query" genome sequence is split into fragments of 1,020 nt, which are then analyzed with the BLASTN algorithm ([@B4]) against the "reference" genome sequence. For each pairwise comparison, ANIb analyses are calculated bi-directionally.

Multilocus Sequence Analysis (MLSA) {#S5.SS12}
-----------------------------------

The family *Enterobacteriaceae* is currently formed by 32 genera with validly published names. The genome sequences of the type strains of the type species of 30 genera with validly published names of the family were downloaded from GenBank ([Supplementary Table S4](#TS4){ref-type="supplementary-material"}), including *L. nimipressuralis* CCUG 25894^T^, determined in this study. For MLSA, the complete sequences of six house-keeping genes (16S rRNA, *atpD*, *dnaJ*, *infB*, *gyrB, rpoB*) were extracted from the 30 genome sequences and from the genome sequence of strain CCUG 66741^T^ using Unipro UGENE version 1.17.0 ([@B41]). The extracted sequences were imported into CLC Genomics Workbench version 11 (CLC bio), aligned, and a distance matrix with similarity percentage values was created for each gene. If a gene sequence was not found in a genome sequence, GenBank was screened for additional genome sequences of that type strain or partial sequences of the respective gene. Moreover, an MLSA-based phylogenetic tree was constructed, based on concatenated sequence alignments of *atpD*, *infB*, *gyrB*, and *rpoB* gene sequences, including partial sequences of the type strain of *Pluralibacter pyrinus*, the other species with validly published name of the genus *Pluralibacter* (GenBank accession numbers: [JX424878](JX424878), [JX425008](JX425008), [JX425137](JX425137), [JX425267](JX425267)). Additionally, nearly-complete 16S rRNA gene sequences were obtained from GenBank for the four type strains of type species that did not have publicly available genome sequence. Once imported, the 16S rRNA gene sequences were aligned and a phylogenetic tree was constructed. In both cases, distances were calculated by the Jukes-Cantor method ([@B27]) and the phylogenetic trees were constructed using the neighbor-joining method ([@B50]) and bootstrap analysis (1,000 replicates) ([@B18]). The phylogenetic trees were displayed on-line with the Interactive Tree Of Life (iTOL) ([@B31]).

ANI Dendrogram {#S5.SS13}
--------------

ANIb values were calculated using JSpeciesWS ([@B49]) between all the 30 genome sequences of type strains of type species of the family *Enterobacteriaceae* and the genome sequences of strains CCUG 66741^T^, BIGb0156 and YR018, all strains vs. all strains ("all-vs.-all"). Subsequently, the matrix containing all the ANIb values was used to construct a dendrogram with the software PermutMatrix v1.9.4 ([@B10]), using a Pearson's distance correlation and a hierarchical clustering with an average linkage method (UPGMA). The dendrogram was visualized on-line with the Interactive Tree Of Life (iTOL) ([@B31]).

Core Genome-Based Phylogeny {#S5.SS14}
---------------------------

A core genome-based phylogenomic analysis was performed with all the available genome sequences of type strains of type species of genera with validly published names of the family *Enterobacteriaceae* ([Supplementary Table 4](#TS4){ref-type="supplementary-material"}) and the genome sequences of strains CCUG 66741^T^, BIGb0156, and YR18. The genome sequences were annotated with Prokka v1.11 ([@B54]). All the amino acid sequences were compared by BLASTP (all VS all) with the software GET_HOMOLOGUES v07022017 ([@B14]). The protein sequences were clustered following a 70/70 criterion (i.e., 70% of identity over 70% of the length), using three clustering algorithms: BDBH, COGtriangles ([@B30]) and OrthoMCL ([@B33]). The intersection of the three algorithms was used to determine a consensus core genome. The amino acid sequences of the single copy genes of the consensus core genome were aligned with Clustal Omega v1.2.0 ([@B55]). Poorly aligned regions were eliminated with Gblocks v0.91 ([@B11]). The trimmed alignments were concatenated and a phylogenetic tree was constructed with PhyML v3.1 ([@B21]), using a Shimodaira-Hasegawa-like approximate likelihood-ratio test (SH-aLRT) for branching statistical support ([@B5]). The phylogenetic tree was displayed on-line with the Interactive Tree Of Life (iTOL) ([@B31]).

Virulence Genes and Characterization of Novel *qnrB* Variant {#S5.SS15}
------------------------------------------------------------

The genome sequence of *S. goeteborgense* CCUG 66741^T^ was assessed for pathogenic potential by PathogenFinder^[5](#footnote5){ref-type="fn"}^, a tool developed for predicting the pathogenicity of newly sequenced strains ([@B15]). A novel *qnrB* variant (proposed *qnrB96*) was detected in the genome of strain. A phylogenetic tree of all the *qnrB* variants was constructed using online platform phylogeny.fr ([@B16]), using PhyML v3.1 ([@B21]), with bootstrap analysis (1,000 replicates). To test the functionality, the *qnrB96* gene was synthesized at Thermo Fisher Scientific using their GeneArt^®^ Gene Synthesis service and subcloned into the expression vector pZE21-MCS1 as described previously ([@B36]). The plasmid *qnrB96*-PZE21 was then transformed into *E. coli* C600Z1 (Expressys, Bammental, Germany) by electroporation. The minimum inhibitory concentrations of ciprofloxacin for the *E. coli* strains expressing *qnrB96* were determined using *E*-tests (bioMérieux) on Mueller-Hinton Agar plates with the addition of 100 ng/μl anhydrotetracycline as an inducer of the expression. *E. coli* strain containing pZE21-MCS1 was used as a negative control. The strain containing plasmid *qnrB1*-PZE21 was used as a positive control.

Data Availability Statement {#S6}
===========================

The genome sequences of *Scandinavium goeteborgense* CCUG 66741^T^ (= CECT 9823^T^ = NCTC 14286^T^), *Buttiauxella izardii* CCUG 35510^T^, and *Lelliottia nimipressuralis* CCUG 25894^T^ have been deposited in DDBJ/ENA/GenBank under the accession numbers [LYLP00000000](LYLP00000000), [QZWH00000000](QZWH00000000), and [SDDX00000000](SDDX00000000), respectively. The raw sequencing data generated in this study has been deposited in NCBI Sequence Read Archive (SRA) under the accession numbers [SRR8561413](SRR8561413), [SRR8581234](SRR8581234), [SRR8581235](SRR8581235), and [SRR8581406](SRR8581406). The complete sequences of the 16S rRNA gene and the *qnrB96* gene variant of *S. goeteborgense* CCUG 66741^T^ have been deposited in DDBJ/ENA/GenBank under the accession numbers [MK558235](MK558235) and [MK561856](MK561856), respectively.
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###### 

MLSA-based phylogenetic tree based on *atpD*, *infB*, *gyrB*, and *rpoB* gene sequences of strains of *S. goeteborgense*, the type strains of the type species of the genera of the family *Enterobacteriaceae*, and the type strain of *P. pyrinus*. The distances were calculated with the Jukes-Cantor method and the tree was constructed using the neighbor-joining method. The numbers at the nodes indicate the bootstrap values (in percentage) from 1,000 replicates. Only bootstrap percentages ≥ 50% are shown.

###### 

Click here for additional data file.

###### 

Phylogenetic tree of *qnrB* variants. The numbers at the nodes indicate bootstrap values (scale from 0 to 1) from 1,000 replicates.
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###### 

Phenotypic characteristics of strain CCUG 66741^T^ and type strains of type species of related genera of the family *Enterobacteriaceae*.
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###### 

Assembly statistics for the whole genome sequence of strain CCUG 66741^T^ and the other type strains of the family *Enterobacteriaceae* sequenced in the present study.
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Click here for additional data file.

###### 

Sequence similarity values of the complete 16S rRNA gene sequence (1,552 bp) of strain CCUG 66741^T^ with type strains, using the "Identify" engine of EzBioCloud and ANIb and *in silico* DNA-DNA hybridization (DDH) values between the genome sequence of strain CCUG 66741^T^ and the genome sequences of the type strains showing 16S rRNA gene sequence similarity values ≥ 98.7% (shaded in green). Species with 16S rRNA gene sequence similarity \< 98.7% are shaded in red.
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###### 

List of type species of the genera with validly published names of the family *Enterobacteriaceae*. GenBank accession numbers for the genome sequences and the 16S rRNA gene sequences (if available) of the type strains of the type species are shown.
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Click here for additional data file.

###### 

Average nucleotide identity (ANIb) and percent identity values for six house-keeping genes (16S rRNA, *atpD*, *dnaJ*, *infB*, *gyrB*, *rpoB*) of the strain CCUG 66741^T^ compared to the type strains of the type species of the genera of the family *Enterobacteriaceae*. Green shadings indicate the three highest values of each column.
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Click here for additional data file.

ANI

:   average nucleotide identity

ANIb

:   average nucleotide identity based on BLAST

CFA-FAME

:   cell fatty acid-fatty acid methyl ester

MALDI-TOF MS

:   Matrix-Assisted Laser Desorption/Ionization-Time Of Flight Mass Spectrometry

MLSA

:   multilocus sequence analysis

*qnr*

:   quinolone resistance

WGS

:   whole genome sequencing.
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